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Edited by Francesc PosasAbstract We have identiﬁed the Schizosaccharomyces pombe
SPBC3E7.06c gene (fnx2+) from a homology search with the
fnx1+ gene involving in G0 arrest upon nitrogen starvation.
Green ﬂuorescent protein-fused Fnx1p and Fnx2p localized
exclusively to the vacuolar membrane. Uptake of histidine or iso-
leucine by S. pombe cells was inhibited by concanamycin A, a
speciﬁc inhibitor of the vacuolar H+-ATPase. Amino acid uptake
was also defective in the vacuolar ATPase mutant, suggesting
that vacuolar compartmentalization is critical for amino acid up-
take by whole cells. In both Dfnx1 and Dfnx2 mutant cells, up-
take of lysine, isoleucine or asparagine was impaired. These
results suggest that fnx1+ and fnx2+ are involved in vacuolar
amino acid uptake in S. pombe.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The yeast vacuole functions as a digestive compartment and
also serves as the major storage compartment for amino acids,
particularly basic ones [1,2]. The vacuolar membrane catalyzes
active transport of a variety of amino acids [3,4], most likely by
proton/amino acid cotransport driven by a proton electro-
chemical gradient generated by the vacuolar H+-ATPase
[5,6]. On the basis of results from kinetics experiments with
vacuolar membrane vesicles from Saccharomyces cerevisiae
[4], seven uptake systems for amino acids have been proposed.
Recently two gene families, AVT and vacuolar transporter for
basic amino acids (VBA), were found to be involved in amino
acid transport in the S. cerevisiae vacuole [7,8]. In the AVTAbbreviations: MDR, multidrug resistance; MFS, major facilitator
superfamily; VBA, vacuolar transporter for basic amino acids; GFP,
green ﬂuorescent protein; HEPES, 2-[4-(2-hydroxymethyl)-1-piperraz-
inyl] ethane sulfonic acid; 2-DG, 2-deoxy-D-glucose
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doi:10.1016/j.febslet.2008.05.017family, AVT1 is involved in uptake of neutral amino acids,
and AVT3 and AVT4 in the extrusion of these amino acids
from vacuoles [7]. All the members of the VBA family,
VBA1, VBA2 and VBA3, are involved in the uptake of basic
amino acids into vacuoles [8]. However, it is unlikely that all
amino acid transport in S. cerevisiae vacuole is performed by
these proteins. Studies on additional vacuolar transporters in
S. cerevisiae are in progress based on phylogenetic analysis.
On the other hand, little is known about the genes for vacuolar
amino acid transporters in the ﬁssion yeast Schizosaccharomy-
ces pombe. Characterization of vacuolar transport in S. pombe
at the molecular level is restricted because a standard method
for isolating the small vacuoles from S. pombe has not been
established. In this paper we focus on the S. pombe fnx1+ gene
that has been discovered to play a role in G0 arrest upon nitro-
gen starvation [9]. This gene encodes a protein, a member of
the major facilitator superfamily (MFS) [10], which is phyloge-
netically related to the VBA2 (YBR293w) gene of S. cerevisiae
[8]. Here we report that Fnx1p and its phylogenetic relative
Fnx2p, are vacuolar membrane proteins in S. pombe, and are
involved in vacuolar amino acid uptake. This is the ﬁrst iden-
tiﬁcation of a vacuolar amino acid transporter in S. pombe.2. Materials and methods
2.1. Strains, media and materials
The S. pombe strains used in this study were ARC039 (h leu1-32
ura4-C190T) and its derivatives fnx1-deleted mutant, fnx2-deleted mu-
tant, and fnx1fnx2 double-deleted-mutant. Cells were grown aerobi-
cally at 30 C in YES medium (0.5% yeast extract and 3% glucose).
Concanamycin A was purchased from Wako Pure Chemical Industries
(Japan) and dissolved in dimethyl sulfoxide. 2-Deoxy-D-glucose was
purchased from Nacalai Tesque, Inc. (Japan). L-[14C] labeled (radioac-
tive) materials were purchased from American Radiolabeled Chemical
(St. Louis, MO, USA) (L-lysine, L-asparagine and 2-deoxy-D-glucose)
or GE healthcare (L-histidine, L-arginine and L-isoleucine).
2.2. Gene disruption
The fnx1+ gene was ampliﬁed by PCR with primers, FNX1-A (5 0-
GAATGTAACAAGCCTTGTAGTCTCG) and FNX1-B (5 0-
GTAGGCTGAGATAGGATCTCCACAGGCGC). A 1.5-kb frag-
ment was recovered and ligated to the pGEM-T Easy vector (Prome-
ga). HindIII and EcoRI sites within the cloned fnx1+ ORF were
digested and a 1.6-kb ura4+ cassette [11] was inserted. The fnx2+ gene
(SPBC3E7.06c) was ampliﬁed by PCR using FNX2-A
(TCGGGAGCGTATCCGAGCACACTGTCCCG) and FNX2-Bblished by Elsevier B.V. All rights reserved.
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into the pGEM-T EASY vector. EcoRI and EcoRV sites within the
cloned fnx2+ ORF were digested and a ura4+ cassette was inserted.
A linearized DNA fragment carrying the disrupted fnx1+ or fnx2+ gene
was transformed into the ARC039 strain [12] and ura+ transformants
were selected. To conﬁrm gene disruption, ura+ transformants were
analyzed by Southern blotting and PCR to verify correct integration
of the deletion constructs.Fig. 1. Sequence similarities and phylogenetic relationships among Fnx1p, F
Fnx2p and Saccharomyces cerevisiae Vba2p. The identical residues and the sim
(B) Phylogenetic tree for Fnx proteins and the related S. cerevisiae protein V
amino acid substitutions/site). ClustalW software (http://www.ebi.ac.uk/clu
phylogenetic tree.2.3. Plasmid construction and ﬂuorescence microscopy
To tag the Fnx1p and Fnx2p proteins with green ﬂuorescent protein
(GFP), each ORF was ampliﬁed by PCR and subcloned into pTN197,
a derivative of the thiamine-repressible expression vector pREP41 [13],
resulting in pTN197/fnx1 and pTN197/fnx2. Cells transformed with
these plasmids were examined with an Olympus BX-60 ﬂuorescence
microscope using a U-MGFPHQ ﬁlter. Vacuoles were labeled with
FM4-64 [14] as described elsewhere [15]. Images were captured withnx2p and Vba2p. (A) Alignment of the amino acid sequences of Fnx1p,
ilar ones were represented as black boxes and gray boxes, respectively.
ba2p. The values on branches indicate the branch lengths (number of
stalw/) was used to align multiple sequences and to construct the
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tiﬁc) using MetaMorph software (Molecular Devices) and saved as
Adobe Photoshop ﬁles on a Macintosh G4 computer (Apple, Inc.,
CA, USA).
2.4. Transport assay with whole cells
Cells were cultured in YES medium, harvested at the logarithmic
phase of growth, washed twice with sterile water and suspended in
10 mM 2-[4-(2-hydroxymethyl)-1-piperrazinyl] ethane sulfonic acid
(HEPES) (pH 6.4) containing 2 mM MgCl2, 25 mM KCl and 10 mM
glucose. The uptake reaction (at 30 C) was initiated by addition of
a speciﬁc substrate ([U-14C]histidine (ﬁnal 0.08 mM; 11.6 GBq/mmol),
[U-14C]lysine (0.08 mM; 11.8 GBq/mmol), [U-14C]arginine (0.08 mM;
12.9 GBq/mmol), [U-14C]asparagine (0.08 mM; 10.4 GBq/mmol),
[U-14C] isoleucine (0.08 mM; 11.1 GBq/mmol) or [U-14C]2-deoxy-D-
glucose (5 mM; 11.1 GBq/mmol) [16]). Concanamycin A, at a ﬁnal
concentration of 1 lM or 10 lM, was added to the cell suspension be-
fore initiating the experiment and incubated at 30 C for 30 min [17].
As a sham treatment, samples were incubated with dimethyl sulfoxide.
At speciﬁc time intervals, 0.5-ml aliquots of cell suspension were with-
drawn, ﬁltered on cellulose acetate membrane ﬁlters (0.45 lm;
ADVANTEC, Japan) and washed with cold 10 mM HEPES (pH
6.4). The radioactivity was measured using a liquid scintillation coun-
ter with xylene scintillator.3. Results
3.1. Phylogenetic relationship among fnx1+, fnx2+ and
S. cerevisiae VBA2
From a blast homology search of the Schizosaccharomyces
genome database (http://www.genedb.org/genedb/pombe/),
we identiﬁed the SPBC3E7.06c gene as similar to the fnx1+
gene. Fig. 1 shows the alignment of amino acid sequences of
Fnx1p, Fnx2p (SPBC3E7.06c) and S. cerevisiae Vba2p. It
has been reported [9] that Fnx1p is similar to the gene product
of S. cerevisiae YBR293w (VBA2), a vacuolar transporter
which functions in the uptake of basic amino acids [8]. The
alignments (Fig. 1A) show the sequence similarities between
Vba2p/Fnx1p (from 63rd AA to the end), Vba2p/Fnx2p (fromFig. 2. Fluorescence microscopy of the pTN197/fnx1-GFP and pTN197/fnx2
fnx1-GFP and pTN197/fnx2-GFP, respectively. Fnx1-GFP/ Fnx2-GFP prot
ﬂuorescent microscope analysis as described in Section 2.the 121st AA to the end), and Fnx1p/Fnx2p. The percent sim-
ilarities for these three pairings were 33%, 28% and 35%,
respectively. A close phylogenetic relationship among the fnx
gene products, Vba2p and Vba1p was also estimated (Fig.
1B). Fnx1p (531 residues), Fnx2p (577 residues), and Vba2p
(474 residues) were predicted to have 14, 14, and 12 putative
transmembrane helices, respectively (SOSUI; http://bp.nuap.-
nagoya.ac.jp/sosui).
3.2. Localization of Fnx1p and Fnx2p at the vacuolar membrane
Based on the phylogenetic relationships of Fnx1p and Fnx2p
with the S. cerevisiae Vba2p vacuolar transporter, we hypoth-
esized that these S. pombe proteins were also vacuolar trans-
porters. To investigate their subcellular localization, we fused
GFP to the carboxyl terminals of fnx1+ and fnx2+ (see Section
2) and imaged the localization of Fnx1p–GFP and Fnx2p–
GFP by ﬂuorescence microscopy (Fig. 2). Both Fnx1p–GFP
and Fnx2p–GFP evidently merged with the vacuolar mem-
brane stained with FM4-64 [14], indicating the exclusive local-
ization to the vacuolar membrane in Dfnx1 mutant and Dfnx2
mutant cells, respectively.
3.3. Involvement of vacuolar compartmentalization in amino acid
uptake by whole cells
In S. cerevisiae, transport of a variety of amino acids and
ions has been investigated with isolated vacuolar membrane
vesicles [18–20]. However, although a few papers have em-
ployed vacuolar membrane vesicles from S. pombe [21,22], a
standard method for isolation of vacuoles for biochemical
study has not been established in this organism, presumably
due to the diﬃculty of perfectly separating the small-sized vac-
uoles from other endosomes. However, it has been established
that active transport into vacuoles is critical for amino acid up-
take by whole S. cerevisiae cells [8], and we expect that this is
also true in S. pombe. Therefore, in this study we have used
amino acid uptake in whole cells as a proxy for vacuolar trans--GFP transformants. Dfnx1 and Dfnx2 cells transformed with pTN197/
eins and vacuolar morphology stained with FM4-64 were subjected to
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ciﬁc inhibitor of the vacuolar H+-ATPase [23,24], on the up-
take of 2-DG, histidine, and isoleucine by S. pombe cells. 2-
deoxy-D-glucose (2-DG) is known to be a substrate for the glu-
cose transporter Ght1p on the plasma membrane of S. pombe
[16,25]. The uptake activity of 2-DG was relatively unaﬀected
by either 1 or 10 lM concanamycin A (Fig. 3A). Microscopic
observation of vacuolar acidiﬁcation with quinacrine ﬂuores-
cence [26] showed a complete inhibition of vacuolar acidiﬁcat-
ion of S. pombe cells by 10 lM concanamycin A (data not
shown), suggesting no active transport of 2-DG into vacuoles.Fig. 3. Eﬀect of concanamycin A on the uptake of 2-DG and amino
acids by whole cells. The parent (ARC039) cells were preincubated for
30 min at 30 C with 1 lM or 10 lM concanamycin A (in Me2SO) or
Me2SO alone. The procedure for the uptake assay was described in
Section 2. White bar, control; hatched bar, Me2SO alone; gray bar,
1 lM concanamycin A; black bar, 10 lM concanamycin A. (A) 2-
deoxy-D-glucose; (B) histidine; (C) isoleucine. The results shown were
the means of two independent experiments (errors are given as S.D.).
*signiﬁcantly diﬀerent compared to control, P < 0.05.
Fig. 4. Comparison of uptake of 2-DG or amino acids between wild-
type and Dvma1 cells. The experiments were performed as described in
Fig. 3. White bar, wild-type cells; hatched bar, wild-type cells with
10 lM concanamycin A; gray bar, Dvma1 cells; black bar, Dvma1 cells
with 10 lM concanamycin A. The data shown were the means of two
independent experiments that gave similar results (errors were given as
S.D.). *signiﬁcantly diﬀerent compared to wild-type cells, P < 0.05.On the other hand, uptake of histidine or isoleucine by cells
treated with 10 lM concanamycin A was decreased more than
60% relative to uptake by untreated cells (Fig. 3B and C). Fig.
4 shows the uptake of 2-DG, histidine and isoleucine by the
Dvma1mutant, in which the vma1 gene encoding the A subunit
of the vacuolar H+-ATPase was deleted [15]. In comparison
with that of the parent strain, 2-DG uptake was little inﬂu-
enced by the defect in the vacuolar ATPase, but uptake of his-
tidine and isoleucine by the mutant decreased by more than
60% relative to that of the parent strain. Neither the uptake
of 2-DG and nor of the two amino acids in the VMA1 mutant
were further inhibited by 10 lM concanamycin A. We also
examined the uptake of some other amino acids by the Dvma1
mutant and the eﬀect of concanamycin A. Uptake of arginine,
lysine and asparagine was decreased as well by a defect in vac-
uolar acidiﬁcation (data not shown). These results suggest that
vacuolar H+-ATPase-dependent vacuolar compartmentaliza-
tion is involved in amino acid uptake by S. pombe cells.
3.4. Uptake activities of fnx1/fnx2 mutant cells
We next examined the uptake of a variety of amino acids by
Dfnx1 and Dfnx2 mutant cells (Fig. 5), with particular atten-
tion to basic residues. We hypothesized that Fnx1p and Fnx2p
might function to mediate amino acid uptake into vacuoles,
especially for basic amino acids, based on the phylogenetic
relationship with S. cerevisiae Vba2p, a vacuolar transporter
for basic amino acids (Fig. 1) [8]. As shown in Fig. 5C, lysine
uptake was indeed impaired in Dfnx1, Dfnx2, and Dfnx1 Dfnx2
mutants; the initial uptake rate as well as total accumulation of
lysine in these mutants decreased to about 50% of the level of
the parent strain. However, accumulation of arginine or histi-
dine was not substantially impaired in these mutants (Fig. 5A
and B), although the initial uptake rates of these amino acids
did decrease in Dfnx2 and Dfnx1Dfnx2mutants. We found that
isoleucine uptake was also defective in Dfnx1 and Dfnx2 mu-
tants (Fig. 5E). Asparagine uptake slightly decreased in Dfnx1
and Dfnx2 single mutants (Fig. 5D) and substantially de-
creased in the double mutant. However, the uptake of other
amino acids was relatively unaﬀected by the Dfnx1and Dfnx2
mutations (data not shown). 2-DG uptake was not impaired
but slightly enhanced in mutant cells (Fig. 5F). These results
suggest that Fnx1p and Fnx2p are involved mainly in uptake
of lysine, isoleucine and asparagine by S. pombe cells. Based
Fig. 5. Uptake of amino acids and 2-DG Dfnx1 and Dfnx2 mutants. Uptake was measured in strains ARC039 (open circles), Dfnx1 (closed squares),
Dfnx2 (closed triangles), and Dfnx1Dfnx2 (closed circles). The values were averaged from three independent experiments. (A) histidine; (B) arginine;
(C) lysine; (D) asparagine; (E) isoleucine; (F) 2-deoxy-D-glucose.
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the involvement of vacuoles in amino acid uptake (Fig. 5),
we propose that Fnx1p and Fnx2p are new vacuolar transport-
ers with a unique amino acid speciﬁcities.4. Discussion
The S. pombe proteins Fnx1p and Fnx2p are members of the
multidrug permease (MDR), H+/drug cotransporter, family of
the MFS superfamily [9,10], and are phylogenetically close to
S. cerevisiae Vba2p (Fig. 1). GFP-fused fnx1+ and fnx2+ prod-
ucts localized exclusively to the vacuolar membrane (Fig. 2),
suggesting that Fnx1p and Fnx2p are vacuolar amino acid
transporters. Since biochemical study with the vacuolar mem-
brane vesicles of S. pombe is not practical, here we examined
amino acid uptake by whole cells of S. pombe. More than
60% of amino acid uptake by both S. pombe cells and S. cere-
visiae cells was coupled with vacuolar compartmentalization
(Figs. 3 and 4). Although amino acid uptake was not directly
examined with vacuolar membrane vesicles, the results from
the fnx1 and fnx2 mutant cells suggest that vacuolar Fnx1p
and Fnx2p transporters are involved in uptake of lysine, iso-
leucine and asparagine into vacuoles (Fig. 5). This is the ﬁrst
description of vacuolar amino acid transporters in S. pombe.
The ﬁrst characterization of fnx1+ demonstrated that it in-
duced a starvation-like response in S. pombe when overexpres-
sed, [9]: fnx1+ was required for the entry into the G0 state that
is normally induced by nitrogen starvation. Although the role
of fnx1+ in response to starvation is unknown, it was also re-
ported [9] that resistance to 3-amino-1,2,4-triazole and 4-nitro-
quinoline N-oxide was eliminated in the Dfnx1 mutant. The
authors in the previous paper [9] speculated, without any data
on its cellular localization, that Fnx1p was the plasma mem-
brane H+/drug antiporter involved in drug resistance [9]. In
this paper, we focused on the similarity of fnx1+ to S. cerevisi-
ae VBA2, which encodes a vacuolar H+/amino acid antiporter
[8], and characterized Fnx1p, as well as the related Fnx2p, asvacuolar transporters in S. pombe. Although we did not repro-
duce the drug sensitivity of Dfnx1 mutant as reported previ-
ously [9] (data not shown), the phenotype of the Dfnx1
mutant to these drugs may be explained by sequestering of
the toxic compounds into vacuoles.
The question of how fnx1+ is involved in G0 arrest remains
an important one. We showed that fnx1+ and fnx2+ were in-
volved in vacuolar amino acid uptake, especially for isoleucine
and lysine (Fig. 5). It is likely that overexpression of fnx1+ trig-
gers a drop in cytoplasmic amino acid level, likely an inducing
signal for starvation; we are now going to investigate the eﬀect
of overexpression of the fnx1+ and fnx2+ genes on G0 arrest
and the amino acid pool. In order to understand the physiolog-
ical roles of the fnx1+ and fnx2+ genes, it is important to inves-
tigate changes in expression of these genes in response to
nitrogen starvation. Such experiments might clarify the reason
why no additional eﬀect of the double mutation of fnx1 and
fnx2 was observed on amino acid uptake (Fig. 5). In any case,
it is clear that vacuoles are critical for the storage of amino
acids in S. pombe.
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